Dissolved HL has been used as an indicator for measuring cardiac output by the techniques of constant-rate injection and sudden, single injection indicator dilution. Because of its low solubility, H 2 is eliminated essentially quantitatively in the lungs and recirculates negligibly. The constant-rate injection technique involves the gas chromatographic measurement of pulmonary (or systemic) arterial H 2 concentration during an infusion of dissolved H 2 into a vena cava (or the left atrium). Measurements in anesthetized dogs agreed well with simultaneous measurements by dye dilution, direct Fick, and direct volumetric techniques. Measurements could be repeated several times a minute, and using a linearly responding platinum electrode, intravascular H 2 concentrations could be recorded continuously. In the sudden, single injection technique, dissolved H 2 was injected into a vena cava (or the left atrium) while monitoring pulmonary (or systemic) arterial H 2 concentration with a chromatographically calibrated platinum electrode. Measurements again agreed with simultaneous measurements by dye dilution, constant-rate injection of H 2 , and the direct volumetric technique. Hydrogen curves could be repeated rapidly and integrated instantaneously. Hydrogen appears to be a useful indicator for rapidly repeated determinations of cardiac output and for measurements of output in situations in which recirculation of conventional indicators limits their usefulness.
ADDITIONAL KEY WORDS gas chromatography rapidly repeated cardiac outputs indicator recirculation intrapulmonary H 2 elimination H 2 electrode dogs • Although indicator-dilution techniques have undergone a variety of refinements in recent years, their use for the measurement of cardiac output is still limited by recirculation of conventional indicators. Several years ago, Chidsey et al. (1) suggested that recirculation could be avoided by employing a dissolved inert gas having a low solubility in blood, since such a gas would tend to be ex-creted quantitatively during a single passage through the lungs. Their investigations were performed with 8B Kr, and Rochester and co-workers from the same laboratory subsequently reported the use of this agent for measuring right ventricular output by constant-rate injection (2) . In addition, Cornell and associates extended the use of 8s Kr to measurements employing a modified sudden, single injection or Stewart-Hamilton technique (3) . With the development of gas chromatographic techniques for measuring trace amounts of inert gases in blood (4) , it has become possible to employ any of a large number of nonradioactive gases as a cardiovascular indicator. The lower the solubility of a gas, the more completely it should be eliminated from mixed venous blood during a single passage through the lungs.
KLOCKE, GREENE, KOBERSTEIN
The present study reports the use of dissolved hydrogen as an indicator for the measurement of cardiac output by both constantrate injection and sudden, single injection. Hydrogen has the dual advantage of an unusually low solubility in blood (which is only one-fourth that of Kr or one-sixth that of Xe) and detectability with an intravascular platinum electrode as well as with the chromatograph. The results obtained have been validated against more conventional methods for measuring cardiac output and also against direct volumetric measurements of output. The techniques appear useful for rapidly repeated determinations of cardiac output and for measurements of output when recirculation of conventional indicators limits their usefulness.
Methods and Results

ANALYTICAL METHODS FOR DETERMINING BLOOD H2 CONCENTRATION
of H2 concentration produced with a solenoidactivated valve assembly was 0.3 seconds.
CONSTANT-RATE INJECTION TECHNIQUE
Isotonic saline through which H 2 had been bubbled for 20 minutes (hereafter designated H 2 -saIine) was injected at a constant rate upstream to the heart, and the intravascular H 2 concentration was sampled at a convenient location downstream to the heart. For right heart output, injection was into the superior or inferior vena cava and sampling from the main pulmonary artery. For left heart output, injection was into a pulmonary vein or the left atrium and sampling from a systemic artery. As will be discussed below, approximately 973S of the dissolved H 2 in the blood beyond the sampling site was eliminated as the blood passed through the lungs. According to the standard formula for the constant-rate injection technique (7) (1) Gas Chromatography.-Blood samples were collected in 2-ml glass syringes 1 and analyzed with a thermal conductivity gas chromatograph previously described (4) that is capable of detecting 2 X KH ml of H 2 in a 2-ml blood sample. Hydrogen concentrations were measured from the H 2 peaks on the chromatograms. Preliminary experiments verified that the peak height response of the chromatograph for H 2 was linear within 1 to 3$ over the range of H 2 concentrations encountered.
Platinum Electrode.-Commercially available 8F and 9F platinum electrode catheters 2 were employed in a low impedance circuit in which changes in blood H 2 concentration result in linear (rather than logarithmic) changes in electrode output (5, 6) . The circuit was completed by connecting its reference calomel electrode to the subcutaneous tissue by an agar-KCl bridge or a silver wire. The 9035 response time to a square-wave change iModel 2YP, Becton, Dickinson & Co., Rutherford, N. J. 2 Model 5610, U. S. Catheter and Instrument Co., Glens Falls, N. Y.
(units/ml) -[ H1Np^---/ 2] r eci « (units/ml) where: [H 2 ]inj = H 2 concentration of injectate, as measured chromatographically from an anaerobically sampled aliquot and expressed as units of peak height per ml; [H 2 ] ii = H 2 concentration of blood at sampling site; [H^r^r,. = H 2 concentration of blood at a point just upstream to the injection site. The injectate was stored in glass infusion syringes, 3 and in preliminary experiments, its [H 2 ] did not decrease significantly over 2 to 4 hours. Additional in vitro studies verified that H 2 loss through the walls of connecting tubes, infusion catheters, and sampling catheters was also negligible. In in-vivo studies, the rate of injection and [H 2 ] of the injectate were both constant, and since the amount of recirculating H 2 was so small, its concentration could be taken to be a constant percentage (3%) of that at the sampling site. Thus, cardiac output became directly and linearly proportional to the reciprocal of [H 2 ] at the sampling site, and whenever an output determination was desired, only a single 2-ml blood sample was required. Values were obtained by calculating the ratio of [H 2 ] in systemic arterial blood (blood leaving the lungs) to [H 2 ] in pulmonary artery blood (blood entering the lungs) from the peak heights of the appropriate chromatograms and multiplying by 100.
Quantification of Reclrculation
Ten mongrel dogs weighing between 15 and 25 kg were anesthetized with sodium pentobarbital (30 mg/kg), intubated, and given sodium heparin (100 mg iv). Although the animals breathed spontaneously, their lungs were periodically inflated mechanically to minimize atelectasis. Catheters, 7F or 8F, were positioned fluoroscopically in the superior vena cava, main pulmonary artery, and ascending aorta. Using a gear-driven infusion pump, 4 H 2 -saline was injected through the catheter in the superior vena cava at a rate of 12 or 24 ml/min for 7 to 16 minutes. Samples of blood from the pulmonary artery and aorta were obtained simultaneously at 1-to 2-minute intervals and chromatographically analyzed for H2. Aortic [H 2 ] stabilized in the first minute or two of each infusion and thereafter averaged only 2. Q% (range 2.0 to 4.5£) of the simultaneously sampled pulmonary artery [H 2 ]. Detailed results are summarized in Table 1 .
Comparison of RnulH with Other Conventional Methods for Measuring Cardiac Output
Dye Dilution,-Four mongrel dogs weighing between 15 and 30 kg were prepared as described above. Short catheters were inserted into the inferior vena cava and lower abdominal aorta. A 7F catheter was positioned fluoroscopically in the main pulmonary artery, and an 8F closed-tip Shirey catheter 8 was inserted into the right carotid artery and manipulated retrograde into the left atrium. Constant-rate injection H 2 outputs utilized the catheters in the inferior vena cava and pulmonary artery for right heart outputs and the catheters in the left atrium and aorta for left heart outputs. Rates of H 2 -saline infusion were usually 6 or 12 ml/min but occasionally 24 ml/min.
For each dye dilution curve, a 3-ml bolus containing between 1 and 2 mg of indocyanine green dye 6 was injected through the pulmonary artery catheter and flushed rapidly with 6 to 8 ml of whole blood. The aortic catheter was connected to a Gilford Model 103-IR cuvette densitometer, 7 and blood was withdrawn at a rate of 29.7 or 45.8 ml/min and subsequently returned to the animal. The densitometer was calibrated using the animal's own blood by the method outlined by Sinclair et al. (8) . Since the calibration curve became slightly alinear at the higher dye concentrations achieved, the recorded curves were first replotted in terms of actual dye concentrations. Each curve was then replotted again on semilogarithmic paper, and the downslope was extrapolated and the area obtained in the conventional fashion (9) .
To obtain nearly simultaneous measurements, blood samples taken for H 2 outputs in groups of 3 or 4 were immediately preceded or followed by 3 or 4 dye dilution outputs. In analyzing the data, the first H 2 output within a group was paired with the first dye output in the nearly simultaneous group, and so on. Figure 2 shows results of 15 consecutive comparisons. The correlation coefficient was 0.97 and the H 2 outputs averaged 101 ± 9.8% of the Fick outputs.
Comparison of measurements of cardiac output by constant-rate injection of H t and dye dilution. Although left and right heart H t outputs are not shown separately, there was no consistent difference between them. (The same comment also applies to Figures 2 and 8.)
Companion of Rnulti with Dlract Volumetric Meaiuraments of Cardiac Output
The preparation for this series of experiments is illustrated in Figure 3 . Four mongrel dogs weighing between 25 and 40 kg were anesthetized with sodium pentobarbital (30 mg/kg), intubated, and ventilated with room air by a positive displacement pump. The chest was opened through a sternumsplitting incision, appropriate vessels were isolated, and sodium heparin, 5 to 10 mg/kg, was administered. Total venous return was drained into an external reservoir, and a roller pump 8 was used to pass blood through a countercurrent heat exchanger and an electromagnetic flow transducer 9 into the main pulmonary artery. An outlet just distal to the transducer enabled flow to be diverted into a groups of measurements in individual animals at intervals of 1 to 2 hours. Right and left heart H 2 outputs were alternated in random fashion, and blood sampling was not begun until an H 2 -saline infusion had been in progress for 2 minutes. Figure 1 shows results in 50 consecutive comparisons. The correlation coefficient was 0.96, and when each H2 output was expressed as a percentage of the corresponding dye dilution output, the H 2 outputs averaged 98 ±9.3$ (SD) of the dye dilution outputs.
Direct Fick Method.-Five mongrel dogs weighing between 15 and 30 kg were prepared as described above. In addition, each animal's endotracheal tube was connected to a low resistance 3-way valve. The expiratory side of the valve was connected to a recording spirometer and pulmonary arterial and aortic blood were sampled at the midpoint of a 10-minute gas collection. Oxygen uptake and cardiac output were calculated in the usual fashion. Immediately following each Fick output, right or left heart output was determined by the H 2 technique. 8 Imico model 10-600, American Optical Co., Chelsea, Mass.
»Model A-2012, Medicon Div., Statham Instruments, Inc., Los Angeles, Calif. graduated cylinder for pump calibration. Pulmonary artery flow during calibration was supplied by gravity from a secondary reservoir. A closed-tip catheter was placed in the left atrium, and a small nylon catheter in the abdominal aorta. Mean and phasic bypass flows were monitored with the flow transducer and a gated sine-wave electromagnetic flowmeter. 10 Body temperature was measured with a thermistor transducer in the superior vena cava, and the heat exchanger was operated to maintain a core temperature of 36°t o 37°C.
The plan was to utilize the bypass circuit to provide a known and constant "right heart output" while left heart output was measured by constant-rate injection of H2, using the catheters in the left atrium and aorta. Rates of injection were again 6 to 24 ml/min. Aortic samples were collected in groups of 3 or 4 and outputs were calculated from each sample in the usual fashion (after additional studies indicated that a 3% correction for recirculating EL was again appropriate). Immediately after each group of observations, pump output was measured volumetrically by temporarily diverting flow into the graduated cylinder for a timed collection of pump output. The flowmeter recordings verified that pump output during calibration was always the same as it had been when the H 2 measurements were made. Figure 4 shows 50 consecutive comparisons. The correlation coefficient was 0.99 and the directly measured outputs averaged 104 ± 4.0% of the H 2 outputs.
Rapidly Repeated Determinations of Cardiac Output and the Use of the Hydrogen Electrode
During any particular infusion of H 2 -saline, cardiac output is directly proportional to the reciprocal of the downstream [H2]. After a small amount of practice, it proved feasible to obtain 4 to 6 samples/min from the pulmonary artery or aorta for an indefinite period. It also became clear that the intravascular [H 2 ] could be measured continuously with an electrode. Figure 5 illustrates the rapidly repeated chromatographic measurement of arterial [H 2 ] and the simultaneous electrode monitoring of this variable in a closed-chest dog. The measurements were carried out over a 6-minute period and show changes in blood [H2] (and therefore changes in cardiac output) in response to transfusion and withdrawal of blood.
TECHNIQUE OF SUDDEN, SINGLE INJECTION
matograph. Since essentially all H2 contained in blood beyond the electrode was eliminated as the blood passed through the lungs, the usual extrapolation procedure to exclude recirculating indicator was unnecessary. According to the usual Stewart-Hamilton equation (7):
Cardiac output (ml/min) = 3 (ml) X [H 2 ] lDj (units/ml) X 60 (sec/min)
The basic plan was to inject a 3-ml bolus of H 2 BLOOD H 2 CONCENTRATION (ml/ml XI0" 5 )
FIGURE 6
Representative calibration curve illustrating linear relationship between platinum electrode current and aortic [H t ]. The latter is expressed as hundred thousandths of an ml of H, per ml of blood.
H 2 were obtained by comparing the chromatograph peaks to those of distilled water exposed to a known H 2 tension in a specially designed tonometer (10) . Similarly linear aortic and pulmonary arterial calibration curves were obtained in 12 dogs during various parts of the present studies. When curves were repeated in individual animals over several hours, their slopes decreased-i.e., the response of the electrode remained linear but its sensitivity decreased. The rate of decrease varied from case to case but seemed constant in individual cases over 2 to 3 hours. Total decreases over 2 to 3 hours for all 12 animals ranged from 10 to 64$ (average 38$).
Verification of Negligible Hydrogen Reclrculatlon
Electrode recordings of aortic [H2] were obtained during successive pulmonary arterial and left atrial injections of H 2 -saline in 7 animals. Representative recordings are shown in Figure 7 . In no case was the systemic arterial [H 2 ] following pulmonary artery injection sufficient to be detected by the electrode.
Comporlfon of Reiulti with Dye Dilution and Constant-Rate Injection of Hydrogen
Six mongrel dogs weighing between 20 and CitcuUtion Rtstircb, Vol. XXII, Junt 1968 30 kg were prepared as described. Comparisons of sudden, single injection of H 2 and dye outputs utilized 3-ml boluses of indocyanine green dye through which H 2 had bubbled for 20 minutes (this solution will hereafter be referred to as H 2 -dye). For right heart H 2 outputs, H n -dye was injected into the inferior vena cava while recording pulmonary arterial [H 2 ] with an arterial electrode and sampling the dye concentration of aortic blood in the usual fashion. For left heart H 2 outputs, H 2 -dye was injected into the left atrium while recording aortic [H 2 ] with an aortic electrode and sampling aortic dye concentration in the usual fashion. Each series of observations was followed by an additional series of right or left heart determinations by constant-rate injection of H 2 . Since pulmonary arterial and aortic [H 2 ] were monitored with the electrodes during the constant-rate injections, values for the calibration factor in equation 2 were readily available. In 50 consecutive comparisons of the results of sudden, single injection of H 2 and dye dilution ( 
Oscillograph record showing regular-and high-sensitivity electrode recordings of systemic arterial [H t ] before, during, and after left atrial (LA) and pulmonary arterial (PA) injections of H g -saline. Curve following LA injection shows no evidence of recirculation and curve following PA injection confirms essentially quantitative elimination of H t from mixed venous blood during a single passage through the lungs. Electrode calibration was accomplished as described in verification of electrode's linear response.
Comparison of measurements of cardiac output by sudden, single injection of H B and dye dilution.
8), the correlation coefficient was 0.97 and the H 2 outputs averaged 97 ± 9.5$ of the dye outputs. In 100 consecutive comparisons of the sudden, single injection and constantrate injection of H 2 , the correlation coefficient was 0.97 and the sudden, single injection outputs averaged 101$ ±7.9% of the constantrate injection outputs.
Companion of Result* with Direct Volumetric M*asur«m«nt> of Cardiac Output
Four mongrel dogs weighing between 28 and 40 kg were prepared for direct volumetric measurement of cardiac output as described above. In addition, an electrode catheter was placed in the abdominal aorta. While directly measured "right heart output" was supplied by the roller pump, left heart output was measured by the sudden, single injection of H 2 , using 3-ml injections of H 2 -saline. Calibration factors relating electrode deflections to chromatograph peak heights were obtained at intervals of 20 to 60 minutes, and in calculating individual outputs, the factor in the closest temporal relation to the H 2 curve was employed. Results of 100 consecutive comparisons are shown in Figure 9 . The correlation coefficient was 0.98 and the H 2 outputs averaged 104 ± 9.8$ of the directly measured outputs. Figure 10 illustrates the use of a platinum electrode located externally to an animal. H 2dye was injected into the left atrium, and aortic blood was sampled through a withdrawal system which included a cuvette containing the tip of an electrode catheter just upstream to the usual cuvette densitometer. The calomel electrode of the H2 circuit was connected to a silver contact contained within the additional cuvette.
Oscillograph recording illustrating simultaneous indocyanine green dye and H, indicator-dilution curves following left atrial injection of H,-dye (arrow). The record was obtained using the 2-cuvette system described in the text. Recirculation is clearly evident on the dye curve but not on the H t curve. Lowermost panel shows instantaneous integration of the H t curve. Since recirculation is negligible, the increment in integrator output during the curve's inscription can be used directly in the usual calculation of cardiac output. When replotted semi-logarithmicaUy, the descending limb of the H t curve formed a single exponential, thus verifying the validity of the conventional logarithmic extrapolation procedure for this particular dye curve.
Simultaneous Dye and Hydrogon Curves Udng an External Platinum Electrode
Discussion
In evaluating inert gases from the viewpoint of avoiding recirculation, two points deserve emphasis: (1) the lower the solubility of a gas, the more completely it will be eliminated from mixed venous blood in any alveolus; (2) the completeness with which a gas is cleared from mixed venous blood will vary from alveolus to alveolus, depending on the ventilation-perfusion ratio (V A /Q) of the alveolus. During constant-rate injection of a dissolved gas, the steady-state clearance of incoming gas from mixed venous blood is directly related to the solubility of the gas in blood and the V A /Q of the individual alveolus (11, 12) . An alveolus which has a V A /Q of zero (e.g., an alveolus which is truly atelectatic but perfused) is equally ineffective at removing all gases from mixed venous blood and contributes to a true venous-arterial shunt. Alveoli which are hypoventilated are appreciably more effective in clearing gases of low solubility than gases of high solubility. For example, an alveolus with a V A /Q of 0.1 will remove 86$ of any H2 in incoming blood but only 61% of any Kr, 50% of any Xe and 18% of any N 2 O. As the V A /Q of an alveolus increases, its ability to clear a given gas also increases, and at a V A Q of 0.8, the clearances of the same gases will be 98%, 93%, 89% and 64%, respectively. These latter figures are of interest in relation to the observed amounts of H 2 recirculation. Since an H 2 recirculation of 2% would be expected if all alveoli had a "normal" V A /Q of 0.8, the observed figure of 2.9% implies that less than 1% of right heart Circulation Rtsctrcb, Vol. XXII, Jmne 1968 output normally passes through true venousarterial shunts. This is in agreement with the findings of other groups (13) (14) (15) .
The situation following sudden, single injection of a dissolved gas is somewhat different. Although a variety of influences are operative (13, 16) , the dominant factor is the essentially instantaneous dilution of the indicator in the alveolar gas volume. Theoretically, if 3 liters of alveolar air were suddenly to be equilibrated with 600 ml of blood, approximately 99.7% of any H 2 dissolved in the blood would pass into the gas phase (17) . Once having entered the gas phase, the H2 either would be eliminated in expired air or would slowly diffuse back into blood not containing H 2 . Because of the low solubility of H2, the pulmonary venous concentrations produced by the latter process would be negligible. This argument is compatible with observed recoveries of arterial tritium following intravenous injections of dissolved tritium in man (15) and provides a reasonable basis for the inability to detect recirculation in the studies employing the H2 electrode. It may also suggest an advantage of the technique of sudden, single injection when alveoli having low V A /Q are present in increased numbers.
The choice of H 2 as the indicator for the present studies was based on the above considerations and on the ability of H 2 to be detected with the platinum electrode. Were it not for the latter advantage, it might have been preferable to employ an even more insoluble gas than H 2 (a = 0.015 ml/ml/760 mm Hg), and in point of fact, the suitability of He (a = 0.008) and Ne (a = 0.008) for chromatographic measurements during constant-rate injection has been demonstrated in pilot experiments. The more insoluble gases do put a premium on the sensitivity of the method employed to measure the gas and may sometimes require relatively rapid rates of fluid administration.
The data obtained in the comparisons among the various indicator-dilution techniques indicate that measurements employing H 2 agree reasonably with those employing a more conventional indicator. Errors to which all these methods are susceptible have been reviewed in detail (7, (18) (19) (20) and are of interest in three respects:
(1) Since H 2 does not remain confined to the intravascular space, the possibility exists that H 2 might diffuse through the vascular walls in significant amounts before being measured at the sampling site, thereby violating the requirement that there be no loss of indicator between the points of injection and sampling. Although previous investigations indicate that this type of diffusion does occur (21) , the agreement of the H2 measurements with the other measurements suggests that the amount of H 2 which can be lost in the few seconds between injection and sampling is quantitatively unimportant. In addition, in several of our early measurements of left heart output, [H 2 ] was sampled simultaneously in the ascending aorta and in the lower abdominal aorta, and the values in the ascending aorta showed no tendency to exceed those in the abdominal aorta. The [H 2 ] did vary within a few percent in both locations (presumably because aortic flow was not constant) and this variation could have masked a small loss of H 2 by diffusion through the aortic wall.
(2) When sudden, single injection is employed, cardiac output must be constant between the time of injection and the completion of the indicator-dilution curve to avoid distortion of the curve by flow-induced changes of indicator concentration. Constantrate injection has a significant advantage in this regard, since flow-induced changes of indicator concentration directly reflect changes in output. However, when using the chromatograph for measurements during constant-rate injection, each blood sample represents an average [H 2 ] for the period covered by the sampling. The flow calculated from such a sample is presumably subject to the "wrong-mean" error discussed by Cropp and Burton (20) if stroke volume and heart rate are variable (this was not the case during the measurements shown in Figures 1, 2,  and 4 ). The use of the electrode and divider ( Fig. 5 ) to obtain the time average of the reciprocal of the [H 2 ] should help to avoid this error when it is important.
(3) A variety of additional sampling errors must also be avoided (7, 19, 20) .
The simultaneous measurements by the H 2 and direct volumetric techniques provide assurance that the values obtained with the H 2 technique are indicative of real flow. Common sources of error are always difficult to exclude in studies which compare a new indirect measurement of cardiac output against conventional indicator-dilution or direct Fick measurements of output. In addition, discrepancies between paired observations may be due primarily to inaccuracy of the standard. The error in the volumetric determination of output may be considerably less. It is interesting that the constant-rate injection of Ho agrees with the volumetric method with less variability than with the indicatordilution or direct Fick method, with suggestion of a systematic difference. The latter may have been due in part to normal venous drainage into the left heart (13, 22) .
One of the major advantages of H 2 as an indicator is its suitability for rapidly repeated determinations of flow. The desirability of these measurements has been emphasized repeatedly, and both Wood and colleagues (23) (24) (25) and others (1, 2) have made important advances in this regard. Constant-rate injection appears particularly advantageous since changes in blood [H 2 ] may be measured several times a minute with the chromatograph or continuously with a chromatographically calibrated electrode. Acceptable downstream concentrations have usually been achieved with rates of injection approximating 0.5% of the cardiac output for the chromatographic determinations and 1% of the cardiac output for the electrode determinations. In addition, although downstream H 2 sampling was arbitrarily begun at 2 minutes in the studies shown in Figures 1, 2 and 4 , other chromatographic studies and electrode recordings (e.g., Fig. 5 ) indicate that measurements may normally be started sooner. In so doing, particular attention should be given Circulation Research, Vol. XXII, June 1968 to indicator molecules having long transit times between the sites of injection and sampling (19) . The time required to attain a "plateau" or "equilibrium" downstream concentration is obviously variable and may be prolonged in abnormal states. Variability of transit times of indicator particles also implies that care must be taken in translating [H2] into specific outputs during a period when [H 2 ] is changing, since the amount by which the concentration is changing will be underestimated until all molecules of indicator which entered the vasculature before the change occurred have passed the sampling site. Finally, the sudden, single injection of H2 can also be used for rapidly repeated measurements, and as shown in Figure 10 , the curves obtained are amenable to instantaneous integration. Once again, however, this technique has the disadvantage of requiring that flow remain constant from the time of injection to the completion of the dilution curve.
The use of H as an indicator should also be advantageous when such things as low cardiac output or valvular regurgitation make the exclusion of recirculating conventional indicators difficult. Several laboratories have emphasized that the application of the usual extrapolation procedure can be hazardous even when the initial portion of the descending limb of an indicator-dilution curve does appear to form a single exponential (e.g., 26, 27) . Another less frequently recognized source of difficulty lies in the pulmonary circulation, where indicator transit times can be quite heterogeneous (16, 28) . Additional studies to illustrate the value of the H 2 techniques in these various situations are being undertaken.
The value of the H2 electrode is enhanced considerably by its use in conjunction with the chromatograph. As mentioned above, sensitivity is variable from electrode to electrode and decreases with time when an electrode remains in the bloodstream. It is also conceivable that sensitivity could be altered by changes in the concentrations of other variables to which the electrode is known to respond (29). Periodic in-situ calibration is therefore important, and until more definitive Circulation Research, Vol. XXII, Jtmt 1968 information is available, we have chosen to repeat calibrations at intervals not exceeding an hour. Other difficulties in using an electrode include stray currents, baseline instability related to movement of the electrode catheter in the bloodstream, relatively large electrocardiographic signals, etc. The electrocardiographic signal is significandy reduced when the electrode is outside the heart and thorax, and abdominal aortic recordings are advantageous in this regard. Baseline "noise" related to catheter movement in the vessel may possibly be reduced by employing an electrode having an unusually large surface area. In recent trials with a catheter-tip electrode having a length of 25 mm instead of the usual 2 mm, significant improvements in electrode output and signal-to-noise ratios have been obtained. This type of modification may significantly reduce the rate of fluid administration required for a study and is being investigated further. There can be no doubt, however, that many aspects of the use of platinum electrodes remain empirical.
Finally, although the animals employed in the present studies were given heparin, prevention of blood coagulation is not a requirement for the H 2 techniques. Although blood presumably clots more rapidly on the surface of an electrode in the absence of an anticoagulant, difficulty has not been encountered in studies in animals and conscious man not given an anticoagulant. In addition, in the chromatographic measurement of [H 2 ], it is quite satisfactory to rinse the 2-ml sampling syringe with heparinized saline and, when attaching the syringe to the sampling catheter, to leave the small dead space at its tip filled with the saline. This procedure is now routine in our cardiac catheterization laboratory and has also been helpful in extending the use of the H 2 techniques to conscious man.
